Although metastasis is the leading cause of cancer-related death, it is not clear why some patients with localized cancer develop metastatic disease after complete resection of their primary tumor. Such relapses have been attributed to tumor cells that disseminate early and remain dormant for prolonged periods of time; however, little is known about the control of these disseminated tumor cells. Here, we have used a spontaneous mouse model of melanoma to investigate tumor cell dissemination and immune control of metastatic outgrowth. Tumor cells were found to disseminate throughout the body early in development of the primary tumor, even before it became clinically detectable. The disseminated tumor cells remained dormant for varying periods of time depending on the tissue, resulting in staggered metastatic outgrowth. Dormancy in the lung was associated with reduced proliferation of the disseminated tumor cells relative to the primary tumor. This was mediated, at least in part, by cytostatic CD8 + T cells, since depletion of these cells resulted in faster outgrowth of visceral metastases. Our findings predict that immune responses favoring dormancy of disseminated tumor cells, which we propose to be the seed of subsequent macroscopic metastases, are essential for prolonging the survival of early stage cancer patients and suggest that therapeutic strategies designed to reinforce such immune responses may produce marked benefits in these patients.
Introduction
Metastatic disease is the major cause of death by cancer (1, 2) . Metastasis is a complex multistage process that requires cancer cells within the primary tumor to invade the local tissue and enter the blood or lymphatic vessels. Tumor cells need to survive in the circulation and migrate across vessel walls in order to colonize new sites and grow to form secondary tumors (3) . The traditional view has been that tumor cell dissemination occurs late in cancer development (4) (5) (6) ; however, this notion has recently been challenged. Several expression profiling studies (7) (8) (9) (10) suggest that the propensity of cancer cells to metastasize is acquired relatively early during tumor progression (reviewed in ref. 11 ). In addition, examination of bone marrow from early stage cancer patients without overt metastases (reviewed in refs. 12 and 13) and tumorbearing mice (14) revealed that disseminated tumor cells (DTCs) are present at much earlier time points than expected. We now need to understand the significance of these DTCs. Specifically, we must determine how early DTCs contribute to clinically relevant macrometastases and identify the mechanisms involved in the development, maintenance, and breakdown of dormancy.
Transplanted tumor models in rodents are often used to study metastasis, with most of our current knowledge of cancer cell dissemination being drawn from xenograft models. However, these models often fail to recapitulate the gradual process of tumorigenesis that is observed in humans, and, in the case of immunocompromised recipients, the role of the immune system is masked. Such models are also usually unable to address the issue of metastatic latency, the prolonged interval between cancer cell dissemination and metastatic outgrowth (3) . These shortcomings mean that the contributions of DTCs to metastases and of the immune system to metastatic latency remain unclear. Importantly, knowledge of the precise kinetics of metastatic progression is required before we can identify the stages of metastasis that are most amenable to therapeutic intervention.
During the past decade, several studies have demonstrated a critical role for the immune system in preventing cancer initiation (15) . However, its role in cancer progression remains unclear. The limited success of current cancer immunotherapy, especially of therapeutic cancer vaccines (16) , may be largely attributed to our ignorance of the complex relationships between cancer cells and the immune system. We therefore decided to examine tumor cell dissemination and metastasis in RET.AAD mice, a recently characterized model of spontaneous melanoma (17) . RET.AAD mice are transgenic for the human RET oncogene and the chimeric mouse/human MHC antigen AAD. In RET.AAD mice, the RET oncogene is expressed by melanocytes (18) , driving enhanced melanogenesis and leading to melanosis and oncogenic transformation. The expression of AAD enables monitoring of CD8 + T cell responses directed against immunodominant epitopes previously identified in melanoma patients.
In the present study, we established that the RET.AAD mouse melanoma model is indeed a model of metastasis, and that tumor cell dissemination to distant organs occurs early during the development of the primary tumor. DTCs remained dormant for varying periods of time depending on the tissue, indicative of organ-specific regulation of metastatic outgrowth. In a previous study, we found that tumorbearing RET.AAD mice develop a strong and broad anti-melanoma CD8 + T cell response and that depletion of CD8 + T cells reduces survival of these mice (17) . This led us to speculate that CD8 + T cells may limit metastatic progression. We now demonstrate that maintenance of dormancy in visceral organs required CD8 + T cells and that depletion of these cells significantly accelerated visceral tumor outgrowth. These findings suggest that immune therapies aimed at prolonging DTC dormancy may be effective in preventing subsequent development of metastasis in early stage cancer patients.
Results
Kinetics of tumor development. The RET.AAD model of melanoma has been previously described (17) . RET.AAD mice, like RET mice, develop spontaneous melanoma, but at a much faster pace because of an increase in C57BL/6 genetic background (19) . The melanomas are uveal, and the first lesion always affects one of the eyes, in the choroid or the ciliary body. This is rapidly followed by other facial tumors, including tumors in the second eye within 2 weeks. Tumors then spread to other sites on the trunk, limbs, and tail. When aged mice are necropsied, additional tumors are found on the internal surface of the skin, on the muscles, in the mediastinum, and in various internal organs, including the reproductive and gastrointestinal tracts, the lungs, and the brain. Figure 1 shows the kinetics of tumor development in 180 mice, as assessed by regular clinical examination and necropsy. The median time for onset of facial tumors was 66 days, whereas trunk tumors were detected around 80 days later. Visceral organs were colonized much later and with unique kinetics: the reproductive tract at a median age of 242 days, the mediastinum at a median age of 263 days, and the lungs at a median age of 347 days. The median age for tumor onset in the peritoneum, colorectal cavity, and brain was not reached when mice were 474 days old.
Most tumors share a common clonal origin. Primary melanomas in humans have been reported not only in the skin, but also in many of the internal organs. Given that up to 30 tumors were observed in older RET.AAD mice, we examined whether these tumors represented independent transformation events or rather shared a common clonal origin. For this purpose, we performed genome-wide SNP (GW-SNP) profiling to compare somatic mutations detected in different tumors from the same mouse.
For each sample, the copy number and allelic frequency of 1,415 SNP probes were determined. Genetic alterations were identified by comparing the SNP genotypes of each tumor against the tail sample (germline sequence) from the same mouse. The profiles of different tumors were then compared to assess clonality. If all the tumors in 1 mouse were derived from a single primary lesion, there should be similar patterns of genetic alterations shared among them. On the contrary, if each tumor represented a new primary lesion, genetic alterations in a given tumor should be unrelated to the other lesions from the same mouse. We collected a total of 102 tumors and 5 tail samples from 5 mice aged 198-268 days. SNP profiles were successfully determined for 44 lesions (ranging 4-13 per mouse; Supplemental Table 2 ; supplemental material available online with this article; doi:10.1172/JCI42002DS1) and 5 tail samples (to obtain the germline sequence for each mouse). Of the 1,415 probes examined, 274 were mutated in at least 1 tumor compared with the germline sequence, with each tumor displaying on average 23 mutations (range, 0-150; 95% CI, 13-33; Figure 2A ).
On average, only 22.4% of the total mutations were unique ( Figure 2B ), indicating that the vast majority of the mutations in 1 particular tumor (77.6%) were also detected in at least 1 other tumor ( Figure 3C and Supplemental Figures 3 and 4) . For example, in mouse 3, 33 mutations were shared by all 9 tumors, indicating a single clonal origin. Importantly, the vast majority of genetic alterations occurred at distant sites from coding regions (data not shown), which suggests that convergent evolution is unlikely to explain the genetic similarity among tumors from the same mouse.
We further tested the similarity between tumors isolated from the same mouse by comparing all tumors pairwise, either within 1 mouse or between mice. For this purpose, only SNP positions for which all mice shared the same germline genotype were examined (Supplemental Figure 4) . When paired tumors were derived from the same mouse, tumors shared more common mutations (on average, 29.6%; 95% CI, 25.3%-33.9%) than when tumors were from 2 different mice (4.8%; 95% CI, 3.6%-5.9%; P = 8 × 10 -21 ; Supplemental Table 1 ). Tumors from different mice had few mutations in common. Distance matrix clustering of the SNP data showed that in 3 of 5 mice, the vast majority of tumors from the same mouse clustered together, further implying a common clonal relationship ( Figure 3A) . The same pattern was also observed using principal component analysis (PCA) of the SNP data ( Figure 3B ). An interesting case was mouse 4, which yielded 3 distinct clusters, suggesting that most of its tumors were derived from 3 independent transformation events.
The results of these GW-SNP analyses showed that tumors developing in a particular mouse were highly related and therefore derived from a small number of independent transformation events. As a consequence, most lesions (including cutaneous tumors) corresponded to metastases and not to independent primary melanomas.
Genetic evidence of early metastatic dissemination. In cancer patients, the size of the primary tumor correlates with the risk of developing metastases (20) , with bigger tumors leading to more metastases. Therefore, metastatic dissemination was usually considered a late
Figure 1
Unique kinetics of tumor onset in various tissues and organs. The onset of superficial tumors was determined by biweekly clinical examination. Superficial tumors rarely affected mouse viability; therefore, mice bearing such tumors could be analyzed by necropsy at early and late time points for the presence of internal tumors. Kaplan-Meier curves were generated from the analysis of 180 untreated RET.AAD mice. event in cancer development (5) . It has been difficult to assess whether this is really the case, particularly in humans, because of the scarcity of clinical samples from very early stage patients. We reevaluated this issue in the RET.AAD mouse model, in which the complete process of disease progression can be studied.
Given that the first detectable lesion affects the eyes of all RET. AAD mice, most metastases should be derived from eye tumors. If metastatic dissemination is indeed a late event, most mutations observed in the eye tumor should also be found in the subsequent metastases. These metastases may then accumulate additional mutations. Alternatively, metastases may derive from an early tumoral clone before the primary tumor reaches its full size. In this case, both the primary tumor and the metastases would continue to accumulate mutations independently, so that a far smaller fraction of the genetic alterations would be shared between the eye tumor and the metastases.
Using SNP data, we were able to measure these parameters in 4 mice. Our data indicated that, on average, the number of mutations in the eye tumors was similar to that in the other tumors of the same mouse ( Figure 2A ). The average 25 mutations detected in eye tumors (95% CI, 8-43) was not statistically different from the average 33 mutations in non-eye tumors (95% CI, 18-51; P = 0.51). Additionally, in the 4 mice analyzed, unique mutations were found in tumors from both the eyes and the other organs, albeit less frequently in eye tumors (eye, 15.9%; non-eye, 25.2%; P = 0.3; Figure  2B ). These observations are not compatible with models in which metastases derive from late-disseminating tumor cells.
The average percentage of eye tumor mutations that were also detected at the other sites in the same mouse was 61.1% ( Figure 2 , C and D). In non-eye tumors, the percentage of mutations conserved in the other sites, including the eyes, was significantly lower (46.5%; P = 0.034), a finding consistent with the clinical observation that the eyes are the site of the first visible tumors. Importantly, a substantial 38.9% of mutations detected in the eye tumors were absent from the other tumors, again showing parallel accumulation of mutations in the eye tumors and metastases. Finally, phylogenic trees of all tumors from the same animals suggested early divergence ( Figure 3C and Supplemental Figure 3 ). These observations can only be explained if metastatic dissemination occurs before the primary tumor reaches its maximal size.
In summary, the patterns of genetic alterations observed in RET.AAD mice were not consistent with the conventional idea of late metastatic dissemination. Rather, they showed that metastases derive from tumor cells that disseminate from the primary tumor at an early time point.
Dissemination of tumor cells begins during the first stages of growth of the primary tumor. To confirm that tumor cell dissemination is an early event in disease progression, we used immunohistochemistry (IHC) and quantitative real-time PCR (qRT-PCR) to compare the visceral organs of RET.AAD mice with those of their nontransgenic littermates ( Figure 4 ). S100B, a marker of melanocytes, was used to identify tumor cells by IHC. Individual DTCs and clusters of 10-100 S100B + cells were already detectable in the lungs of 6-to 7-week-old RET.AAD mice ( Figure 4 , B and C), whereas no S100B + cells were found in the lungs of 3-week-old RET.AAD mice or nontransgenic littermates ( Figure 4A ). Dopachrome tautomerase (DCT; also known as TRP-2) is a melanogenic enzyme present exclusively in normal melanocytes and melanomas. Dct gene expression in tumor cells was on average 30 times higher than RET, as assessed by qRT-PCR, which suggests the former is a more sensitive marker for DTCs. The use of Dct as a tumor cell marker was validated by correlating its expression in one lung with detection of S100B + cells in the contralateral lung ( Figure 4D ). We then measured Dct and RET expression in tissues collected from young RET.AAD mice. As shown in Figure 5 , Dct mRNA was already detectable in lymph nodes and visceral organs 3 weeks after birth, and expression increased further at 5 weeks of age. As determined by Dct expression, organs containing tumor cells included the lungs, heart, kidneys, liver, stomach, colon, bone marrow, thymus, and bladder. In most Dct-positive samples, RET expression was also detected (Supplemental Figure 1) . Remarkably, no significant expression of Dct or RET was detected in the corresponding organs of nontransgenic littermates ( Figure 5 ). Tumor dissemination to the brain could not be reliably assessed because of the normal presence of melanocytic cells, which would be expected to express Dct. The direct detection of tumor cells by IHC and qRT-PCR confirmed that tumor cell dissemination is an early event in RET.AAD mice, taking place as soon as 3 weeks after birth and affecting most organs and tissues.
Histopathological evidence of early tumor cell dissemination. During the course of our studies, we found that in the RET.AAD model, primary eye lesions and local metastases were readily distinguishable by histopathologic examination. We next sought to confirm that the acquisition of a migratory phenotype by tumor cells is concomitant with the growth of the primary tumor, using H&E staining and IHC. At 2 weeks after birth, small hyperplastic lesions were detected in the choroid ( Figure 6A ) or the ciliary body (data not shown). At this age, hyperplastic cells were still confined within the choroid layer, and the Bruch's membrane was intact. At 4 weeks of age, in addition to the hyperplastic lesions of the choroids ( Figure 6B ), small, round nodules were found on the outer surface of the sclera ( Figure 6C ). This sequence of events indicates that tumor cells had migrated from the primary lesion of the choroid to the sclera, which is normally devoid of melanocytes. Interestingly, these local metastases on the sclera developed without latency, further demonstrating that metastatic latency varies with the target organ. As tumor cells seem to acquire a migratory phenotype concomitantly with the growth of the primary tumor, one may expect this to affect the general morphology of the primary tumor at later time points. Indeed, as shown in Figure 6F , late eye tumors usually displayed a multinodular structure, strongly suggestive of individual nodules originating from tumor cells and migrating short distances. Interestingly, even eye tumors from younger 5-or 6-week-old Dormancy of DTCs in the lungs. Whereas cancer cells disseminated early, development of overt metastases was delayed in visceral organs, with a median age of onset of 233 days (95% CI, 75-386). Such prolonged dormancy could result from lack of proliferation or from increased cell death. We therefore measured apoptosis and cell proliferation in local (sclera) and distant (lung) metastases. Very few apoptotic tumor cells were detected by TUNEL in lung tumors (data not shown). However, when eye or lung metastases of similar size were stained for the proliferation marker Ki-67, higher mitotic indices were observed in eye tumors (on average, 4.4% versus 1.9%; P = 0.0004; Figure 7 and Supplemental Figure 2 ). This demonstrates that tumor latency in the lung results from reduced proliferation of tumor cells.
CD8 + T cells control the growth of disseminated tumor cells in visceral organs.
We previously showed that RET.AAD mice develop strong and broad melanoma-specific CD8 + T cell responses, which significantly prolong their lifespan (17) . This led us to speculate that CD8 + T cells could be involved in DTC dormancy, thus preventing the development of overt metastases in visceral organs and limiting disease progression. To directly test this hypothesis, young tumor-bearing mice were depleted of CD8 + T cells by weekly injections of a CD8-specific antibody and the development of visceral metastases was monitored using [F 18 ]fluorodeoxyglucose PET ( 18 FDG-PET). 18 FDG is a radiolabeled glucose analog that accumulates preferentially in metabolically active tumors. We focused on 2 common sites of metastases in RET.AAD mice, the lung and reproductive tract. Importantly, metastases within either of these organs can be readily detected by 18 FDG-PET, which enabled us to determine tumor onset in vivo. The depletion started as soon as the first symptoms were detected in the eye, a time point at which tumor cell dissemination is likely to have already occurred. Flow cytometry analysis indicated a significant 82%-99% reduction in the absolute number of circulating CD8 + T cells throughout the entire experimental period, with minimal effect on monocytes, CD4 + T cells, or granulocytes (data not shown). As shown in Figure 8, CD8 -depleted mice rapidly developed internal metastases in the lungs and/or reproductive tract. At 2 months after the initiation of CD8 depletion, visceral metastases were already detected in 9 of 10 depleted mice, whereas 2 control mice were positive (P < 0.005). In contrast, depletion of CD8 + T cells did not affect the onset of cutaneous metastases ( Figure 8E ).
After necropsy, lungs of CD8-depleted and control mice were analyzed for the presence of DTCs and micrometastases. Consistent with our finding that tumor cell dissemination was an early event, no difference was observed in the number of individual DTCs ( Figure 9A ). However, we found a trend for more micrometastases in the lungs of CD8-depleted mice ( Figure 9B) . Moreover, the number of Ki-67 + cells per tumor and the size of lung metastases were significantly greater in CD8-depleted mice than in control mice ( Figure 9, C and D) . Collectively, these results clearly showed that CD8 + T cells play a crucial role in maintaining DTC dormancy in visceral organs.
Discussion
The present study in RET.AAD mice demonstrated that metastases were derived from tumor cells that disseminated during the growth of the primary tumor, possibly even during the hyperplastic stage. Furthermore, DTCs in visceral organs remained dormant for prolonged periods of time, in a process requiring CD8 + T cells.
In humans, primary melanomas occur in the skin and other melanocyte-containing sites (eyes, meninges, anus, and vulva), or in sites where primordial melanocytes migrate (2, (21) (22) (23) (24) (25) (26) (27) (28) . It was therefore conceivable that multiple lesions within the same RET.AAD mouse correspond to independent transformation events. Using GW-SNP profiling, we found that the vast majority of genetic alterations in 1 tumor were shared by at least 1 other tumor from the same mouse. There are 2 possible explanations for this observation: first, that tumors share a common origin; second, that genetic similarity results from convergent evolution of independent tumors. In the latter hypothesis, tumors from 2 different mice should display the same average similarity as would different tumors from the same mouse. In contrast, we found that tumors from the same mouse were overwhelmingly more similar to each other than were those derived from different mice, demonstrating a common clonal origin. This conclusion is further supported by distance matrix clustering and PCA, which showed that tumors from the same mouse usually clustered together.
Until recently, it was widely accepted that metastatic potential was acquired late in a long series of genetic and epigenetic alterations required for full-fledged carcinogenesis (5). This tenet was based on the correlation between primary tumor size and risk of metastatic disease that underlies the TNM tumor staging system. However, recent work has cast doubt on this model (reviewed in ref. 29 ). Among our most important findings in RET.AAD mice were that tumor cell dissemination occurred early and that metastases derived from these early DTCs. In fact, DTCs were detected in most tissues by qRT-PCR 3 weeks after birth, and by IHC 6 weeks after birth, concurrent with the first clinical detection of the primary eye tumor. Although the results of our SNP analysis suggest these cells are likely to be the precursors of metastases, we cannot fully exclude the possibility that they represent dispersed melanocytic cells that become activated in the transgenic mice. Examination of the primary lesion revealed a multinodular morphology and the presence of small, locally metastatic nodules attached to the sclera at 4 weeks of age. This further implies that the migratory phenotype is acquired early during tumorigenesis.
A recent study in a mouse model of breast cancer also reported early tumor cell dissemination and provided evidence that DTCs can grow into metastases (14) . It remains possible that metastases derive from late disseminating tumor cells. Importantly, however, our SNP data were not compatible with this scenario. If metastases were derived from the primary tumor at a late stage, all genetic alterations in the primary tumor would be conserved in the metastases, and additional mutations should only occur in the latter. In contrast, we found similar numbers of mutations in the eye (primary) and non-eye tumors, with only 61% of primary tumor mutations conserved in subsequent metastases. Moreover, tumor phylograms for individual mice showed early genetic divergence between tumors. These observations strongly suggest that early DTCs are indeed the precursors of metastases.
In humans, melanoma is one of the most frequent metastatic cancers of unknown primary origin, which likely reflects the propensity of melanoma cells to disseminate early from small, indolent primary lesions (30) . Recently, circulating tumor cells (CTCs) were reported in a large proportion of uveal melanomas (31) (32) (33) (34) . CTC frequencies were low but independent of disease stage, consistent with early dissemination. Moreover, CTCs were detected in patients years after eye enucleation, which indicates that CTCs can remain dormant for prolonged periods of time. DTCs and CTCs have also been detected in patients with early stage cutaneous melanomas (35, 36) and epithelial cancers (37) (38) (39) (40) (41) . Interestingly, tumor cell dissemination was even observed in stage 0 melanomas (36) and dysplastic lesions of the cervix (42) . Therefore, there is extensive evidence to support the notion that cancer cell dissemination is an early event in human cancers.
Indirect evidence suggests that the immune system plays a role in prolonging melanoma dormancy. For example, donor-derived melanomas have developed in immunosuppressed graft recipients (43) (44) (45) . Tumor infiltration by T cells, especially CD8 + , correlates with survival in early stage cancer patients (46, 47) . Moreover, CXCR3 expression by peripheral CD8 + T cells is associated with survival (48), whereas expression of the corresponding chemokines -CXCL9 and CXCL10 -by metastases is associated with CD8 + T cell recruitment (49) . Importantly, expression of the T cell activation marker CD69 correlates positively with survival and negatively with metastasis (50) . Conversely, T cell death, or decreased expression of TCRζ or the downstream proteins P56 lck and ZAP-70, correlates with shorter survival (51) . There is also clear evidence in uveal melanoma that patients with functional CD8 + T cells have a better prognostic, whereas absence of TCRζ expression correlates with a worse outcome (52) .
The finding that tumor cells display a migratory phenotype early in tumorigenesis challenges the traditional view of a late acquisition of metastatic potential (11) . What could be the selective advantages of this early migratory phenotype if, upon migration to distant organs, DTCs remain dormant for months or years? How is a migratory phenotype selected for if additional alterations, such as the capacity to evade the immune response, are required to thrive?
Figure 5
Tumor cell dissemination to internal organs starts at 3 weeks of age. Dct expression was measured by qRT-PCR in the lymph nodes, lungs, heart, kidney, liver, stomach, colon, bone marrow, thymus, bladder, and small intestine (n = 11 organs per mouse) collected from RET.AAD (RET +/-) mice aged 1 week (n = 3), 3 weeks (n = 3), and 5 weeks (n = 4). As controls, 11 age-matched nontransgenic littermates (ret -/-) were used. (A and B) ; 300 μm (C-F).
Cancer cells compete with each other for space and nutrients (53) . A plausible explanation for our observations is that tumor cells acquire a migratory phenotype to escape this competition. Activation of genes that promote such local invasion might also facilitate more distant dissemination. In support of this interpretation, breast ductal adenocarcinomas display a higher fractal dimension than does normal breast tissue (54, 55) . In fact, primary breast tumors can be considered as conglomerates of many small, fastgrowing nodules. Interestingly, pathological examination of RET. AAD tumors, including primary eye tumors, also revealed a multinodular structure, suggesting further similarities to human cancers. We propose that early acquisition of a migratory phenotype is selected in the context of the primary tumor because it facilitates its expansion. Primary tumors do not metastasize as a consequence of being large, but rather in order to become large (54) .
Upon migration to a distant site, cancer cells are subjected to site-specific selective pressures. The permissiveness of the immune environment may vary widely in different tissues. Our data showed that tumor cells disseminated to various organs early, but developed into overt macrometastases with different kinetics, which implies that metastatic latency varies among organs. Indeed, metastatic eye tumors display a higher mitotic index than do lung nodules of similar size. It took less than 2 weeks for the primary eye tumor to metastasize to the contralateral eye, 2 months to metastasize to another cutaneous site, and more than 5 or 6 months to grow in visceral sites. Therefore, in our model, early disseminating tumor cells were not particularly "immature" or intrinsically unable to develop into macrometastases, as discussed for human breast cancer (12) . Rather, prolonged DTC latency in visceral organs reflects the need for additional site-specific adaptation. Interestingly, unlike human uveal melanoma, in which the liver is the major site of metastasis, liver metastases in RET.AAD mice were rarely observed, despite the presence of early DTCs in this organ. This provided further evidence for organ-specific control of DTCs. Our results clearly showed that one major barrier that DTC must overcome is of immune origin, since CD8 + T cell depletion accelerated the growth of visceral tumors. Besides having well-known cytotoxic activity, CD8 + T cells can produce several antiproliferative cytokines, including IFN-γ, TNF-α, and lymphotoxin. The best example is IFN-γ (56), which reduces tumor cell proliferation directly via STAT1-mediated activation of cell cycle inhibitors, such as p21WAF1/CIP1 and p27Kip1 (57), and indirectly by inhibiting angiogenesis or activating antitumor immunity (reviewed in ref. 58 ). Th1 cells also produce cytokines that inhibit tumor proliferation (59) . In a mouse model of chemical carcinogenesis, both CD4 + and CD8 + T cells controlled late metastatic outgrowth (60) . Further studies are necessary to investigate the precise mechanisms by which CD8 + T cells prevent metastatic progression in RET.AAD mice.
From a therapeutic perspective, preventing tumor cell dissemination is probably not realistic if, as shown here, metastases derive from early DTCs, sometimes even before the primary tumor is clinically detectable. Indeed, whether extensive lymphadenectomy improves breast cancer patient survival is still debated (61) (62) (63) . If DTCs are dormant, standard chemotherapy, which targets rapidly dividing cells, is unlikely to eliminate these cells (64) . Relevant preclinical models, such as RET.AAD, which recapitulate early tumor cell dissemination and metastatic latency, are invaluable tools for identifying mechanisms that may control metastatic outgrowth in cancer patients. Although the concept of cancer immunosurveillance has received considerable experimental support, cancer immune therapies remain disappointing (65) . The present study uncovers what we believe to be a novel facet of immunosurveillance by showing that CD8 + T cells controlled the metastatic outgrowth in visceral organs. Monitoring the quality of T cell responses in cancer patients with minimal residual disease may help predict disease progression, and reinforcing T cell-mediated control of DTCs could become a realistic objective of cancer immunotherapy. A better understanding of the role of the immune system in metastatic dormancy may lead to new immunotherapeutic approaches that convert aggressive cancers into stable chronic conditions.
Methods
Mice. Animal care and experimental procedures were approved by the IACUC of the Biological Resource Center and of Singhealth. The generation of RET.AAD mice was previously described (17) . In this particular transgenic line (304/B6 mice), RET expression is driven by the metallothionein gene promoter and is expressed by melanocytes (66) .
SNP genotyping. DNA was extracted from tumor and tail samples collected from 5 RET.AAD tumor-bearing mice using the Qiagen DNeasy kit and RNAse A (Qiagen) treatment. Genotyping was performed by Origen Labs using the Affymetrix GeneChip Mouse Mapping 5K SNP Kit according to the manufacturer's protocol.
SNP array data normalization and genotyping. Raw signal intensities were normalized and genotyped using the Affymetrix GeneChip Targeted Genotype System 1.5. Normalization consisted of background subtraction, spectral overlap correction, and allele balancing, and genotyping was based on an expectation-maximization clustering algorithm of the transformed probe allele signals, as described previously (67) . We selected the 1,415 probes with genotype calls for tail samples that correspond to known SNP alleles for BALB/c and C57BL/6. Known SNP alleles were obtained from dbSNP Build 128.
Mutation classification. Mutations were classified by comparing the genotype of the tumors to that of the tail (germline). To identify regions of copy number variation, the ratio of signal sum of SNP probe alleles of the tumor samples to the tail sample was calculated. Intensity ratios of all SNP probes and the corresponding chromosome number and position were used for DNA copy number analysis by the circular binary segmentation method (68, 69) . Prior to segmentation into regions, intensity ratios were smoothed.
Figure 7
Eye metastases have a higher mitotic index than do lung tumors of similar size. Eye (A) and lung (B) sections were stained for tumor cells (S100B; red) and the proliferation marker Ki-67 (blue). Scale bars: 100 μm. Based on the mean intensity ratio of each copy number segment, mutation classes of SNPs in the tumors were then classified as copy number amplifications, copy number reductions, or no copy number variation.
Clustering by distance matrix, phylograms, and PCA. Only SNPs for which all 5 mice displayed identical genotypes were used for this analysis. The distance between any 2 tumors was determined based on a weighted pairwise score with a modification of the weighting factor (70) . Scores were calculated for SNP array-determined genetic alterations by summing scores for genotype mutations and copy number variation at a particular SNP. The score was negative for different genetic alterations and positive for similar genetic alterations. In contrast to Waldman (70) , the weight of the score was calculated based on the log probability for not having the observed mutation(s) at that SNP for all analyzed tumors. The distance matrix for all tumors was clustered based on the Fitch and Margoliash method implemented by Phylodraw (71, 72) . For clustering by PCA, mutation class was converted to a numerical matrix to which singular value decomposition was applied.
In vivo CD8 + T cell depletion. CD8 + T cells were depleted using rat anti-mouse CD8 depleting antibody (ATCC TIB-210; provided by L. Renia, Singapore Immunology Network, A-STAR). Mice were administered intraperitoneally 0.25 mg of anti-CD8 antibody or control rat IgG (Sigma-Aldrich) at 6 weeks of age, and then 0.1 mg antibody weekly for 7 weeks. Efficiency of CD8 + T cell depletion was monitored by flow cytometry analysis of circulating blood. Mice were clinically assessed once per week for palpable tumors and once per month for visceral metastasis by 18 FDG-PET scan (see below). On the day of sacrifice, mice were examined for superficial and internal macroscopic tumors. Half of the lungs and reproductive tract were analyzed by IHC, and half were used for qRT-PCR.
IHC. Formalin-fixed paraffin-embedded sections (5 μm) were immunostained for S100B to identify melanocytic cells. Briefly, sections were heat-treated with Target Retrieval Solution (Dako S1699), blocked with 3% (v/v) hydrogen peroxide in methanol for 30 minutes and 10% (v/v) normal goat serum (Dako) in PBS for 2 hours, and then incubated overnight at 4°C with rabbit polyclonal anti-S100B (Dako Z0331; diluted 1:4,000 in PBS with 10% [v/v] normal goat serum). Anti-S100B binding was revealed with Envision anti-rabbit HRP (Dako K4003) and Sigma-Aldrich Fast DAB with metal enhancer tablet. Nuclear Fast Red Solution (Sigma-Aldrich) was used as a counterstain. To assess proliferation, sections were incubated with rabbit polyclonal anti-S100B and rat anti-Ki-67 mAb (Abcam clone TEC-3; diluted 1:25). Anti-Ki-67 binding was revealed using biotinylated donkey polyclonal anti-rat (Jackson Lab; AffiniPure F(ab′)2 Fragment; diluted 1:300), alkaline phosphatase-conjugated streptavidin (Rockland Inc.; diluted 1:2,000) and Alkaline Phosphatase Substrate Kit III (Vector Laboratories). Anti-S100B binding was revealed using Envision anti-rabbit HRP (Dako K4003) and AEC peroxidase substrate (Vector Laboratories). At least 1 section per sample was stained with H&E. Numbers of DTCs (single S100B + cells) or metastases (>1 DTC) were counted in 5-10 random fields of view by 2 independent observers. Areas of metastases were calculated using ImagePro Analyzer 6.2 software (Media Cybernetics Inc.).
Tumor cell detection by qRT-PCR. Tissue and organ samples were collected in RNAlater (Qiagen) and homogenized in TRIzol (Qiagen). RNA was extracted using the Qiagen RNeasy 96-well Universal Tissue Kit. cDNA was reverse transcribed (Roche Applied Biosystems reagents) from 2,000 ng RNA. The presence of melanocytic tumor cells in tissues and organs was determined by qRT-PCR with SYBR green (Bio-rad iTaq SYBR Green Supermix with ROX) and specific primers against the melanocyte-specific gene Dct (primers 5′-CTTCCTGAATGGGACCAATG-3′ and 5′-ACGGCGTAATTGTAGCCAAG-3′). Dct expression was normalized against GAPDH expression (primers 5′-TGCGACTTCAACAG-CAACTC-3′ and 5′-ATGTAGGCCATGAGGTCCAC-3′). Real-time PCR cycling conditions were as follows: 95°C for 10 minutes; 40 cycles of 95°C for 30 seconds, 55°C for 1 minute, and 72°C for 30 seconds; 95°C for 1 minute; 55°C for 30 seconds; and 95°C for 30 seconds.
18 FDG-PET. Prior to micro-PET imaging, mice were fasted overnight, with water available, until imaging was completed. On the day of imaging, mice were prewarmed to 37°C before an approximate 5.5-MBq dose of 18 FDG (0.6 mM; obtained from the Department of Nuclear Medicine of Singapore General Hospital) was administered intraperitoneally. Body temperatures were maintained at 37°C throughout the uptake period. Micro-PET imaging was performed with a R4 microPET scanner (Concordes Microsystems Inc.) 1 hour after 18 FDG injections. The reconstructed resolution was 1.8 mm full width at half maximum in the center of the field of view and 3 mm at 4 cm radial offset. Each mouse was subjected to a 15-minute acquisition. During imaging, mice were placed in an imaging chamber and maintained under 2% (v/v) isoflurane anesthesia in oxygen. For image reconstruction, an energy window of 350-700 keV and a coincidence timing window of 6 ns were used. We obtained 2-dimensional histograms by Fourier rebinning, and image reconstruction by filtered backprojection was used. Image data were corrected for nonuniformity of the scanner response, dead time count losses, and physical decay to the time of injection. No correction was applied for attenuation, scatter, or partial-volume averaging. For quantitative image analysis, regions of interest (ROIs) were manually drawn over tumors. Counting rates in the reconstructed images were converted to standardized uptake values (SUVs) by use of a system calibration factor derived from the imaging of a mouse-sized water-equivalent phantom containing 18 F.
Statistics. For statistical analysis, we used 2-tailed, unpaired t test for comparing mutation number, unicity, or conservation and Mann-Whitney test for Dct expression in the various organs from RET.AAD or ret -/-AAD littermates. Development of metastases after CD8 + T cell depletion was assessed by Fisher exact test. Prism (GraphPad Inc.) and Excel (Microsoft) softwares were used for calculations and graphing. P values less than 0.05 were considered significant.
